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Available online 27 November 2014AbstractSuperior properties of maraging steels make them suitable for the fabrication of components used for military applications like missile
covering, rocket motor casing and ship hulls. Welding is the main process for fabrication of these components, while the maraging steels can be
fusion welded using gas tungsten arc welding (GTAW) process. All these fabricated components require longer storage life and a major problem
in welds is susceptible to stress corrosion cracking (SCC). The present study is aimed at studying the SCC behaviour of MDN 250 (18% Ni) steel
and its welds with respect to microstructural changes. In the present study, 5.2 mm thick sheets made of MDN 250 steel in the solution annealed
condition was welded using GTAW process. Post-weld heat treatments of direct ageing (480 C for 3 h), solutionizing (815 C for 1 h) followed
by ageing and homogenizing (1150 C for 1 h) followed by ageing were carried out. A mixture of martensite and austenite was observed in the
microstructure of the fusion zone of solutionized and direct aged welds and only martensite in as-welded condition. Homogenization and ageing
treatment have eliminated reverted austenite and elemental segregation. Homogenized welds also exhibited a marginal improvement in the
corrosion resistance compared to those in the as-welded, solutionized and aged condition. Constant load SCC test data clearly revealed that the
failure time of homogenized weld is much longer compared to other post weld treatments, and the homogenization treatment is recommended to
improve the SCC life of GTA welds of MDN 250 Maraging steel.
Copyright © 2014, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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cracking (SCC)1. Introduction
The high yield strength and excellent fracture toughness of
maraging steel make it suitable for defence applications such
as missile, rocket motor casing and ship hull. Age hardening is
the main strengthening mechanism which develops yield
strength of 2400 MPa, of low carbon martensite with nickel,
cobalt and molybdenum precipitates [1]. The components for
the defence applications are fabricated using various welding* Corresponding author.
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2214-9147/Copyright © 2014, China Ordnance Society. Production and hosting byprocesses [2e4]. One of the primary requirements of fabri-
cated components is long storage life. The corrosion is one of
the major problems during storage. It is now well established
that the high strength steels suffer from poor stress corrosion
cracking (SCC) resistance and their SCC resistance decreases
with increase in strength [5]. Previous investigations revealed
that the threshold yield strength value for SCC in high strength
steels is about 1400 MPa [6]. Hence it can be concluded that
ultra high strength maraging steels also suffer from SCC
problem. Although SCC behaviour of maraging steel in
wrought condition has been studied in some detail, work
available on the SCC behaviour of maraging steel welds is
relatively scarce. Hence, any attempt made to understand SCC
behaviour of maraging steel welds used for making defenceElsevier B.V. All rights reserved.
Fig. 1. Weld joint preparation details.
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of maraging steel are anodic path dissolution and hydrogen
embrittlement [7]. Cracking was found to occur in a plane and
inclined to precracking [8]. Crack growth velocity was found
to be much faster in water than in oil [9]. Jha et al. [10] studied
SCC of maraging steel and found that an intergranular mode
of cracking occurs. Study made on 250 grade maraging steel at
elevated temperature in steam has shown that it offers better
protection compared to manganese phosphate treatment [11].
SCC susceptibility of steel was caused by acid dip step in the
pretreatment of phosphating process [12]. Brook et al.
studied the role of oxygen in SCC of maraging steel and found
that cracking occurred along prior austenite grain boundaries
[13]. Mellor et al. found the mechanism of hydrogen embrit-
tlement in SCC failure of maraging steel components [14].
SCC behaviour of wrought maraging steel was studied in
detail, but the investigations on welds are very limited.
Kenyon et al. revealed that the maraging steel welds have poor
SCC resistance compared to base metal [15]. One of the
problems in fusion welding of maraging steel is the segrega-
tion of alloying elements in the interdendritic arm spacing.
This may cause the formation of reverting austenite in the
fusion zone of the welds. Both the segregation and reverted
austenite affect the toughness and SCC resistance of maraging
steel welds. Studies on the influences of reverting austenite
and segregation on corrosion behaviour of maraging steel
welds have not been available in the existing literature. Un-
derstanding of the corrosion behaviour of these welds is
important in exploring a remedy to overcome the problem of
cracking during storage of welded components made of mar-
aging steel. The present study is aimed at studying the pitting
and stress corrosion behaviours of MDN 250 (18% Ni) steel
and its welds.Table 1
Gas tungsten arc welding variables.
Parameters Values
Welding current/A 130
Welding speed/(mm$min1) 60
Electrode polarity DCSP
Arc voltage/V 18e20
Filler wire diameter/mm 1.6
Electrode 2% thoriated tungsten
No. of passes 2
Shielding gas Argon, flow rate 35CFH
preheat None2. Experimental
MDN 250 (18% Ni) steel of 5.2 mm thick sheet was used in
the present study. The preparation details of the weld joint are
shown in Fig. 1. Welding was carried out using gas tungsten
arc welding process. Table 1 gives the welding variables.
Table 2 gives the chemical composition of the base metal and
filler wire. The steps of post weld heat treatment are (i) ageing
at 480 C/3 h, followed by air cooling; (ii) Solutionizing at
815 C/1 h/air cooling þ ageing at 480 C/3 h/air cooling; and
(iii) Homogenizing at 1150 C/1 h/air cooling þ ageing at
480 C/3 h/air cooling in the study of corrosion behaviour.
Optical microscopy was used to study the microstructural
changes of MDN 250 (18% Ni) steel during welding. Stress
Tech 3000 X-ray system using CrKa radiation was used to
measure the retained austenite content and its fraction in welds
and base metal.
GILL AC basic electrochemical testing was used for gen-
eral corrosion test. Standard flat cells with an exposure area of
1 cm2 was used for experiments in aerated 3.5% NaCl solution
with a scan rate of 0.166 mVs1. Corrosion potential (Ecorr)
values and corrosion rates were recorded.A Constant load type SCC test rig was used for SCC testing
of both base metal and welds. Standard tensile and SCC
specimens (Fig. 2) were machined out from the 5.2 mm rolled
plate of the maraging steel and its welds as per ASTM E8
standards. 3.5% NaCl solution was used for alternate cycles of
immersion of specimen. A Constant load of 50 percent yield
strength value of specimen for a given condition was applied.
The Yield strength values are determined from tensile test data
given in Table 3. The time taken for failure of the specimen at
a constant load was used to compare the different conditions
of steel. The longer the time to failure is, higher will be the
SCC resistance.
3. Results and discussion3.1. MicrostructureThe Optical micrograph of the base metal is shown in
Fig. 3, which clearly indicates the martensite with grain size
Table 2
Composition of base metal and filler metal.
Material Element/wt%
Element C Ni Co Mo Ti Al Fe
Parent metal 0.01 18 8.3 4.6 0.41 0.15 Bal.
Filler metal-MDNW2 0.006 18 11.9 2.5 0.16 0.46 Bal.
Table 3
Tensile properties of base metal and maraging steel welds.
Material
condition
Parent metal Weldment
0.2%
YS/MPa
UTS/MPa El./% 0.2%
YS/MPa
UTS/MPa El./% Failure
location
Base metal 960 1015 12 e e e e
As-welded e e e 880 1010 12 HAZ
Direct aged 1610 1750 8 1320 1490 5.5 Weld
Solutionized
and aged
1625 1770 8 1360 1600 5 Weld
Homogenized
and aged
1660 1750 8.5 1610 1740 8 Weld
Fig. 3. Microstructutre of base metal.
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at different locations (A, B, C, D and E) on the weld and heat
affected zone (HAZ) as shown in Fig. 4. Martensite was
formed at Location A and becomes coarser at Location B due
to relatively high temperature at welding interface.
The grain size of martensite at Location C is finer due to
lower temperature in fusion zone. At Location D, the
martensite phase experiences the peak temperatures in the
range of 590e730 C at which a reverted austenite may form
[16] and two-phase mixture is found. The unaffected base
metal is at Location E. The microstructures of the fusion zones
of welds in the as-welded and post weld heat treated condi-
tions are shown in Fig. 5. Only the martensite can be seen in
as-welded condition (Fig. 5 (a)). The mixture of martensite
and austenite can be observed in the microstructures of fusion
zones in the direct aged and solutionized conditions (Fig. 5(b)
and (c)).
The pools or islands of austenite phase can be observed in
the fusion zone of maraging steel welds with bright/white
appearance. It was reported earlier that in a homogeneous 18%
Ni maraging steel (250 grade) composition only at heating
temperature of above 650 C [17]. In the present investigation,
these pools were found to be formed even in direct ageing at
480 C. Since the austenite islands are present along the
boundaries of dendritic cells, the alloying elements may
segregate in these locations and helps in lowering the austenite
reversion temperature. Homogenization treated fusion zone
microstructure consists of low carbon martensite without any
reverted austenite (Fig. 5(d)). Therefore the homogenization
treatment can be used to minimize the segregation and avoid
the formation of reverted austenite. Electron probe micro
analysis (EPMA) was carried out to assess the segregation of
alloying elements at dendrite boundary and center location
through chemical composition analysis. EPMA data are given
in Table 4.Fig. 2. Schematic diagram of the specimEPMA results of as welded condition clearly reveals that
the segregation of alloying elements such as nickel, molyb-
denum and titanium at the boundaries is high. However, the
segregation of cobalt and aluminium was very low at the
boundaries compared to bulk composition. Solutionized
treatment is able to reduce the segregation of elements to some
extent, but not complete.
EPMA X-ray maps of the fusion zones are given in
Figs. 6e8 and reveal the distribution of elements. Homoge-
nization treatment is able to eliminate the segregation of Mo
and Ti due to dissolution in the material matrix. The distri-
bution of alloying elements was found to be more uniform
after homogenization treatment compared to the as-welded
and solutionized conditions. An X-ray method was used toen used for tension and SCC testing.
Fig. 4. Microstructures of (A). weld, (B, C, D). Heat affected zones and (E). Base metal of maraging steel in as-welded condition.
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gation elimination on the formation of reverted austenite, x-
ray method of austenite fraction measurement was carried out.
The results of X-ray determination of austenite volume per-
centage are given in Table 5. It is very clear that the homog-
enization treatment could avoid the formation of reverted
austenite. The above results confirm that the elimination of
segregation during ageing could avoid the formation of
reverted austenite.3.2. General corrosionMaraging steel is prone to general corrosion mainly due to
the marteniste matrix with intermetallic precipitates with localFig. 5. Microstructure ostrain fields. Galvanic coupling is formed between the pre-
cipitates and the matrix leads to continuous dissolution in the
NaCl environment. Potentiodynamic polarization tests used for
corrosion evaluation did not result in passive behaviour and led
to cathodic polarization and anodic dissolution without any
passivation. The polarization curves of welds are given in Fig. 9
. Corrosion resistance mainly depends on the type of ageing and
the treatment prior to ageing. Corrosion potential (Ecorr) is
used to compare the corrosion behaviours of maraging steel
welds in different heat treatment conditions as there is no
possibility of passivity and measuring pit potential value. The
greater the positive value of Ecorr is, the higher will be the
general corrosion resistance. The effect of post weld treatment
on general corrosion of maraging steel welds made of maragingf the fusion zone.
Fig. 6. EPMA X-ray maps of fusion zone in as welded condition.
Fig. 7. EPMA X-ray maps of fusion zone in as welded condition solutionized
condition.
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are given in Table 6. The corrosion potential and rate data
clearly reveals that the general corrosion resistance of welds is
improved after homogenization treatment. This may be attrib-
uted to the possible microstructural changes that occur after
homogenization treatment. The interface between the reverted
austenite and the martensite is an area in which the nucleation
of corrosion pits occurs. Segregation is also a source of
corrosion nucleation and decreases corrosion resistance. From
the microstructural studies, it was found that homogenization
treatment reduces segregation significantly and eliminates
reverted austenite in the fusion zone. Hence the general
corrosion resistance, improved significantly after post weld
heat treatment of homogenization and ageing.3.3. Stress corrosion cracking behaviourPassivity is generally not observed in 18%Ni maraging
steels which normally undergo uniform corrosion in the mostTable 4
EPMA data of dendrite center and boundary in the fusion zone.
Sample condition Location Ni Mo Co Ti Al Fe (Bal.)
As welded Dendrite center
boundary
16.74
19.44
2.27
4.32
11.53
11.33
0.12
0.34
0.29
0.45
69.08
64.12
Solutionized
condition
Center
boundary
17.29
18.92
2.68
3.57
11.37
11.49
0.19
0.29
0.33
0.41
68.14
65.32
Homogenized
condition
Center
boundary
17.22
17.20
3.12
3.00
11.40
11.42
0.19
0.21
0.33
0.34
67.74
67.83
Bulk composition
of fusion zone
17.5 2.9 11.5 0.20 0.37 67.53common environments. A major problem is stress corrosion
cracking tendency during long storage, and the type of
loading and exposed environment are the important factors.
Crack initiation occurs at the pits, and crack propagationFig. 8. EPMA X-ray maps of fusion zone in as homogenized condition.
Table 5
Volume percentage of austenite in fusion zone after post weld heat treatment.
Material condition Austenitic content/(vol. %)
As-welded NIL
Direct aged 12
Solutionized and aged 8
Homogenized and aged NIL
Fig. 10. SEM fractograph of failed SCC test specimen in as welded condition.
Table 6
Corrosion potential and rate values of maraging steel gas tungsten arc
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take place due to any one of the three mechanisms, namely
anodic dissolution of the crack tip, hydrogen embrittlement
and failure of the corrosion product layer. The intergranular
mode of cracking was most common mode of SCC failure
[18]. Ageing temperature influences the precipitate
morphology and was found to strongly affect the SCC
resistance [19].
SCC test data of the welds is given in Table 7. Time to
failure at 50% of yield strength of the steel weld is taken as the
criteria to assess the resistance to SCC under sea water envi-
ronment. SCC occurs due to the combined action of general
corrosion and stress. Prediction of SCC mechanism is mainly
related to the identification of active path in the microstructure
for the rapid crack propagation. The test data clearly reveals
that post weld homogenizing and ageing heat treatments
resulted in the improvement of SCC resistance of welds and
the results was found to be similar to general corrosion
behaviour of the welds.
In the present study, the possible active paths of crack
initiation and propagation are micro-segregation and reverted
austenite in the matrix of martensite. The enhancement in
tensile and yield strength and the reduction in the segregation
and the amount of reverted austenite are the main causes of
improvement in the SCC resistance of the welds after ho-
mogenization treatment. Scanning electron micrography was
used to observe the fractured surfaces of failed SCC test
specimens of welds in different conditions to reveal the
possible reasons and mechanism of SCC. The multiple cracks
and intergranular cracks are observed in the fractographs of as-
welded specimen (Fig. 10).
The reverted austenite/marteniste interface may be the
reason for complete intergranular mode of failure andFig. 9. Polarization curves of maraging steel GTA welds.segregation of molybdenum and titanium, which result in the
formation of multiple cracks. Segregation and reverted
austenite are identified to be the active path sources for the
crack initiation and propagation for the SCC of maraging
steel welds in the present investigation. The intergranularity
of cracking is reduced after the direct ageing of welds
(Fig. 11). Quasi-cleavage mode of crack propagation was
observed in the fractograph (Fig. 12) of solution treated
welds, which may be attributed to the reduced amount of
reverted austenite and the segregation. The post weld treat-
ment of homogenization resulted in a cleavage free fracture
surface (Fig. 13), which is a clear indication of improvement
in the SCC resistance.
Hence the post weld heat treatments of homogenization and
aging of the maraging steel welds made with base metal filler
wire are recommended to improve the SCC resistance of
maraging steels used for the fabrication of missiles and other
defence applications.weldments.
Posteweld condition Ecorr/mV Corrosion rate/mpy
As-welded 507 168
Direct aged 364 136
Solutionized and aged 343 87
Homogenized and aged 268 14
Table 7
Stress Corrosion cracking test data of marageing steel gas tungsten arc
weldments.
Condition YS/MPa SCC load/50% YS Failure time/Hrs
As-welded 880 440 420
Direct aged 1320 660 575
Solutionized and aged 1360 680 820
Homogenized and aged 1610 805 1167
Fig. 11. SEM fractograph of failed SCC test specimen in directly aged
condition.
Fig. 13. SEM fractograph of failed SCC test specimen in homogenized
condition.
54 G. MADHUSUDHAN REDDY, K. SRINIVASA RAO / Defence Technology 11 (2015) 48e554. Conclusions
The post weld heat treatment of homogenization eliminated
the segregation of alloying elements and avoided the forma-
tion of reverted austenite in the matrix of the gas tungsten arc
welds of maraging steel.
The homogenized and aged welds exhibited higher general
corrosion resistance compared to the directly aged, sol-
utionized and aged conditions and it is attributed to absence of
austenite/martensite interface.
The Stress corrosion cracking resistance was found to be
highest for maraging steel welds after the post weld heat
treatment condition of homogenization.
The post weld heat treatment of homogenization is rec-
ommended to have better stress corrosion cracking resistance
for the welds of maraging steel used for the fabrication of
missiles and other defence components which require long
storage life.Fig. 12. SEM fractograph of failed SCC test in solutionized condition.Acknowledgements
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